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Abstract

Cerium-doped aluminum nitride (Ce-AlIN) thin films were prepared at room temperature
(RT) using radio frequency (RF) reactive sputtering. As-grown samples were then
subjected to rapid thermal annealing (RTA). X-ray diffraction and high resolution
transmission electron microscopy (HRTEM) revealed a well crystalline textured
microstructure with single [002] out-of-plane orientation in both as-grown and annealed
samples. A strong RT blue emission from post-deposition annealed samples was detected
when excited by 266 and 325 nm laser. Electron energy loss spectroscopy (EELS) at the
Ce edges reveal the dominant oxidation state of Ce atoms, which undergoes a change
from of Ce*" to Ce®' ions after RTA annealing in Ar atmosphere. The chemical
composition was analyzed by Rutherford backscattering spectrometry (RBS) and
contrasted to HRTEM images. Our findings indicate that the surface oxidation during the
post-deposition annealing in Ar plays an important role in the PL response by changing
the oxidation state of Ce ions from optically inactive ions (Ce*") to the optically active
ones (Ce®"). Moreover, the importance of this oxidation is further confirmed by the
excitation mechanisms responsible for blue emission determined by PL excitation

measurements.


mailto:david.horwat@univ-lorraine.fr

Keywords : AIN; Ce; photoluminescence, oxidation state, EELS

Optical blue emission attracts great attention since it is an important component for
generating white light emitting devices (LEDs). Among them, white light-based LEDs
(w-LEDs) exhibit many advantages over the conventional lamps such as longer lifetime,
higher quantum efficiency, lower energy consumption and environmental friendliness.*
These facts make w-LEDs cost-efficient optical sources to replace the traditional light
sources. In addition, w-LEDs are highly desirable from technological point of view
through their applications in smart-phones, computer screens, TVs, etc. It is known that
bright white light can be obtained from the combination of the three RBG colors.? Thus,
two common methods have been developed to create w-LEDs. First, the multi-LED chips
that contain three individual LEDs with blue, green and red colors which mixing results
in white light. The second is the phosphor conversion LED that contains blue or
ultraviolet (UV) emitters with yellow or multicolor phosphors. In both methods, blue
emission is needed. Although green and red LEDs have been obtained since the 1950s,®
achieving blue LEDs was challenging since it requires more energetic photons emitted
from special materials with wide/direct bandgap and high crystal quality. The first blue
LEDs made from high quality indium-doped gallium nitride was produced in the early
1990s.2 Intense research activities are still devoted to the generation of blue light
emission by searching for new phosphors. One of the most common ways to activate the
blue emission is doping a wide bandgap semiconductor by rare earth (RE) elements. In
this line, Ce®*" and Eu?* are the most frequently used activators due to their luminescence
properties attributed to fully allowed electric dipole 5d-4f transitions that lead to a large
absorption cross section in UV-visible range.*® However, Ce®* is particularly interesting
due to its fast and efficient luminescence in UV-blue regions.®1% Ce3* has only one
electron in its 4f state. Hence, the excited 5d level becomes unshielded from the crystal
field effect, resulting in spectral properties strongly affected by the surrounding
environment (crystal field strength, symmetry, covalence/ionic characters).® ! Since its
luminescence properties can be controlled and enhanced by the local environment of Ce

ions, the search for appropriate host materials is a priority. Beside the common



requirements for a good host material (high crystallinity, reliability and high
transparency, etc.), the chemical and thermal stability of the phosphors is highly desired
for Dbetter device performance at high temperature operation. Moreover, the strong
absorption of the UV and blue light is required for high quantum conversion efficiency in
blue or UV LEDs. Among reported possible host systems for RE doping, (oxy)nitride-
based materials offer high thermal/chemical stability, good luminescence properties and
tunable excitation/emission spectra by controlling the ratio between the nitrogen and
oxygen content.* The above excellent characteristics of the nitrogen based compounds
were referred to the contribution of nitrogen atoms in the bonding system of the
material.*? Thanks to the lower electronegativity of nitrogen atoms compared to oxygen
ones, the covalent character of (oxy)nitride compounds is higher than that of the pure
oxide counterpart. This makes, in turn, the crystal network structure more rigid and
enhances both the thermal and chemical stability.!? Moreover, due to the higher formal
charge of N* than O%, a stronger crystal field splitting is induced and affects the
surrounding cations, shifting the lowest d orbital of Ce to lower energy.**** Hence, the
excitation and emission of Ce ions can be tuned by modifying the N/O ratio. Among the
nitride family, we focus in this work on aluminum (oxy)nitride materials for the
following reasons. First, aluminum nitride (AIN) has a direct and wide optical bandgap (6
eV) with high transparency in UV-visible range that can offer the opportunity to cover
wide range of colors with low thermal quenching effect.® Second, there are few reports
dealing with Ce-doped AIN. For example, amorphous Ce-AlIN thin films were prepared
by DC magnetron co-sputtering on heated substrates up to 350°C.*® Their structure and
microstructure was studied but the assignment of the photoluminescence (PL) signal was
not clear. Liu et al.,!” studied in more detail the blue emission from a polycrystalline
powder of AIN phosphor co-activated by Ce3* and Si** synthesized by gas pressure
sintering under high temperature (2050°C for 4 hr) and high nitrogen pressure (0.92
MPa). Also, an intense luminescence at 600 nm from Ce-doped single-crystal AIN bulk
synthesized by reactive flux method under high pressure/temperature was also
reported.®1° The authors succeeded to directly observe the diffusion of single Ce
atoms.’® Recently, A. Majid et al.,?>?! demonstrated theoretically the modification of the

electronic structure of Ce-doped AIN using first principle calculations. More recently,



broad-band emission from Ce-doped AIN ceramic bulk material sintered at (1700°C and
105 MPa) has been reported,?? but experimental evidence of the influence of Ce oxidation
state on the optical emission is still missing. Hence, deep investigation of Ce-doped AIN
thin films, compatible with the chip technology, is particularly desired.

Based on the above, this work is dedicated to the synthesis and study of the optical
properties of crystalline Ce-doped AIN thin films grown at room temperature (RT) by
radiofrequency (RF) magnetron sputtering. Strong blue emission has been obtained from
the activated Ce ions after rapid thermal annealing (RTA) in Ar atmosphere. The origin
of the blue emission is investigated by Electron Energy Loss Spectroscopy (EELS), PL
and PL excitation (PLE) experiments. To the best of knowledge, this is the first work
reporting on the synthesis of crystalline Ce-doped AIN thin films on silicon substrates by
this method.

Experimental section

Undoped and Ce-doped AIN thin films were deposited using RF (Dressler, CESAR RF
power generator) balanced reactive magnetron sputtering at RT. A high vacuum pressure
of 10° Pa was obtained by using a turbo molecular pump (BOC EDWARDS EXT
255HI) coupled to a mechanical primary pump. An aluminum disk (99.99% purity, neyco
vacuum & materials) of 2 inch diameter was used as sputtering target for the AIN film
preparation. For Ce-doped AIN films, a modified Al target was used that incorporates a
thin bar of metallic Ce (99.9% purity, neyco vacuum & materials) with appropriate
relative surface area Ce/Al about 0.027 in order to obtain ~1% of Ce in the deposited
films. Silicon (100) substrates have been ultrasonically cleaned in ethanol and fixed at 5
cm distance from the Al target, facing the target axis. The deposition time was adjusted
for each deposition condition to reach a thickness close to 200 nm as monitored in-situ by
laser interferential reflectometry. The films have been deposited under gas composition
of 65% N, working pressure 0.6 mtorr and RF power 100 W. Al-rich and N-rich samples
have been deposited under the same experimental conditions as for Ce-doped sample
except the gas composition was set to 30% N2 and 100% N for Al-rich and N-rich,

respectively. The as-grown samples were divided into different pieces that underwent



post-deposition RTA treatments at 1000°C in Ar (Air liquide, ALPHAGAZ 2 ARGON)
and forming gas (FG) N2/Hz (Air liquide GSF, N2/H2 %=90/10) for 5 minutes.

The crystal structure and growth orientation of the films were analyzed by X-ray
diffraction (XRD) in a Brucker D8 Advance system with Cu K, radiation (A= 0.15406
nm) in Bragg-Brentano geometry. The samples were shined only with Cu K radiation.
A LINXEYE XE linear detector was used that exhibits excellent filtering of Kg radiation
without the need of secondary monochromator. All samples were positioned on substrate
holders and aligned with a reference plane of the holders. Holders were enabled to spin
around their vertical axis during measurement with integration time of 1 hour. The full
width at half maximum (FWHM) of the (002) peak has been estimated after subtracting
the instrumental broadening of 0.09°. Details of the microstructure were investigated by
transmission electron microscopy (TEM) in a JEOL ARM 200-Cold equipped with a
field-emission gun (FEG) fitted with a GIF Quantum ER. Electron Energy Loss
Spectroscopy (EELS) coupled to the TEM instrument has been used for investigating the
oxidation states of Ce ions. For the acquisition of EELS spectra, an accelerating voltage
of 200 kV, an emission current of 15 pA and an energy dispersion of 0.05 eV/ch were
employed. All EELS spectra were recorded in image mode, with an energy resolution of
0.55eV defined by the full width at half maximum (FWHM) of the zero loss peak.
Compositional analysis was performed by Rutherford backscattering spectrometry (RBS)
with a 2 MeV He" beam. The experiments were performed with the 5MV accelerator
available at Centro de Microanalisis de Materiales (CMAM) from Universidad
Auténoma de Madrid (Madrid, Spain).

Finally, the steady state PL experiments were performed at RT. Samples were excited
either by the 325 nm line of an He—Cd laser or by a frequency-quadruped YAG:Nd**
laser emitting at 266 nm. For PLE spectroscopy, the samples were excited by a xenon arc

lamp source. PL emission was analyzed by a cooled silicon-based CCD camera.

Results and discussion
X-ray diffraction (XRD)



Fig (1) shows the XRD measurements of as-grown (As) and RTA samples in Ar or FG
atmospheres. All spectra reveal the characteristic peak of (002) plane of the hexagonal
wurtzite type structure of AIN, with the basal planes parallel to the substrate surface. No
traces of metallic cerium could be detected within detection limits in the X-ray
diffractograms with 26 angles ranging from 20° to 120° (see the supporting information
figure S1). Moreover, metallic cerium was not detected using high resolution TEM at
different positions throughout the films. The shift of the AIN reflection suggests that Ce
atoms were incorporated in the AIN crystal lattice. In particular, the diffraction peaks of
doped samples shifted to lower diffraction angles, indicating the incorporation of Ce
expands the c-axis parameter, likely due to in-plane compressive stress induced by the
large volume of Ce ions.?® The average c-axis parameters of the prepared samples has
been estimated using Bragg's law?* and is found to be increased from 4.97 A° to 5.04 A
for undoped and doped samples, respectively. However, the XRD of the doped samples
didn’t show any reflection from other planes than (002) related to AIN within the
detection limit. This indicates that, although the doping with 1% of Ce, the films exhibit
crystallites with c-axis orientation normal to the substrate surface like undoped films.?
The undoped sample annealed in Ar exhibits higher (002) intensity than the as-deposited
one. In contrast, doped samples present lower diffraction intensity with respect to the
undoped counterpart and, in addition, a further intensity decrease after annealing. This
could be attributed to the influence of thermal treatment that can enhance the crystallinity
of undoped AIN by curing the material defects®® whereas in doped AIN the presence of
the foreign atoms (Ce) inside the lattice could generate more defects under the thermal
treatment by initiating new kind of bonds with the surrounding atoms that degrade the
crystal lattice structure. The degradation of XRD intensity in the doped samples in
comparison to the undoped counterpart is a familiar effect, particularly when the dopant
atoms have larger ionic size than the native atoms. The degradation of the crystallinity is
usually attributed to the lattice stress induced by the foreign atoms. In most cases the
dopant atoms have either size and/or valance state mismatch with the substituted atoms
that disturb the local environment. In our case, the ionic radii of cerium ions Ce** (101
pm) and Ce** (115 pm) are much larger than the ionic radius of AI** (67.5 pm). Effective

substitution of Al by Ce leads to local changes in the crystal lattice and, in turn, affects



the electronic structure of the material.?” The change in the XRD linewidth and the
increase of c-axis parameter are indicative parameters of the microstructure
modifications. For instance, the average strain over whole the thickness of the film
(macrostrain) results in change in the c-axis and, in turn, shifting of the XRD signals. A
significant shift in the XRD (002) peak position towards lower values in the diffraction
angles is observed in the doped samples with respect to undoped ones, see table I. This
indicates that incorporation of Ce ions introduces strong macrostrain. The phase vapor
condensation process itself can lead to macrostrain in undoped coatings with respect to
the c-axis parameter for bulk AIN. The macrostrain along the c-axis is calculated for all

samples using the following expression :
(c-Co)/Co, )

where co= 4.978 A is the c-axis value of the unstrained sample and c is calculated from
the position of the (002) reflection.?® On the other hand, the FWHM broadening of XRD
is associated to the local structure (microstrain) induced by structure disorders,
boundaries and dislocations as well as the small size of crystallites.?32?° Hence, the
FWHM broadening is considered as a combination of the small crystal size and the
microstrain. In this regard, Williamson-Hall (WH) method can be used to determine the
microstrain by considering two integral line breadth components at 002 and 004
diffraction angles, (see the supporting information figure S 2). The microstrain values for
undoped AIN films, table I, exhibit a local strain relaxation after annealing the film, while
doping with Ce ions induces a significant microstrain. The microstrain values for
annealed Ce-AIN samples couldn't be determined because the (004) intensity was too

small to be used in the microstrain estimation even after long integration time.

table |

AIN As | AIN RTA Ce-AIN_As Ce-AIN FG | Ce-AIN_Ar
FWHM (002) 0.2 0.16 0.18 0.25 0.44
Peak position (°) | 36.10 36.06 35.69 35.63 35.61
Macrostrain -0.0014 | -0.0002 0.0095 0.0113 0.0119
Microstrain 0.083 0.055 0.100




Moreover, Ce-doped AIN_Ar sample is associated to weakest diffracted intensity and
broadest FWHM with hump at higher angles, which infers microstructural modification
occurred after annealing in Ar. On other side, doped samples after RTA in FG exhibit a
less asymmetric XRD peak, indicating that annealing in Ar induces a more substantial
modification of the structure. This is in line with the RBS and TEM observations in the

next section.
Microstructure and composition

Fig (2) shows the TEM images and the corresponding selected area electron diffraction
(SAED) for as-grown and RTA samples. All samples exhibit textured structure with
columns aligned in the growth direction and c-axis of the wurtzite cell of AIN
perpendicular to the substrate. The SAED of the undoped sample shows that (002) spots
are more localized compared to those of doped samples which are slightly elongated.
This indicates a slight misorientation of the (002) planes with respect to the film surface
due to incorporation of the Ce ions. The TEM image of the doped sample after RTA in
Ar evidences a bilayer structure, see fig (2 g). The top layer (about 35 nm-thick) exhibits
granular crystallites with oxygen content ~20%, as determined by fitting the RBS
spectrum of fig (3), while the bottom layer is columnar with less than 1% of oxygen. A
similar surface modification phenomenon in post-deposition annealed films has been
reported previously in RE-doped GaN.*® It was attributed to the release of N surface
atoms out of the sample during the annealing at high temperature (above 800°C) leaving
N vacancies that could cluster to form voids and change the crystal structure. In addition,
at high annealing temperature the partial pressure of residual oxygen inside the oven
significantly increased.3! Hence, as (N) atoms diffuse out of the film, residual oxygen
atoms find an open way to substitute the (N) sites and alter the microstructure. Fig (3)
shows the RBS spectra for as-deposited and after RTA in Ar for a Ce-doped sample. The
regions corresponding to the different elements are labelled for identification. For each
film-containing element (N, O, Al, and Ce), the eventual maximum energy of
backscattered projectiles is given by the kinematic factor of the collision and corresponds
to scattering events occurring at the surface. This energy increases with the atomic

number of the scattering center. Events (counts) at lower energy correspond to collisions



deeper in the sample since part of the projectile energy is lost in the way in and out of the
sample. Hence, the broadness and shape of the film-containing elements is an indication
of the film thickness and the elemental profile, respectively. Regarding the substrate
signal, the thicker the film the lower the energy onset. Note that, due to the similar mass
of Al and Si, the signal from both elements is partially overlapped. Also, since N and O
are lighter than Si, their signal appear superimposed to that from the substrate. In the case
of the as-deposited film, fitting of the RBS spectra indicates a relatively homogeneous
film composition over the whole film thickness. However, as mentioned above, annealing
in Ar result in a bilayer structure as evidenced from the step in the Ce signal. Here, the
decrease in intensity at higher energies reflects a Ce depletion in the near surface region.
In parallel, this surface layer is highly oxidized as derived from the appearance of narrow
O band that corresponds to the near-surface region. This region in the annealed sample
also contains a lower Al content as compared to the as-deposited one as extracted from
the decreased Al intensity, see inset table fig. (3).

To evaluate the influence of the annealing atmosphere on local bonding, one can consider

the following thermodynamic equilibrium equation®!:
ZAIN + 0, = Z AL, 05 + =Ny, )

that works in the forward direction at high Oz pressure (case of Ce-AIN after RTA in Ar)
to stabilize AI-O bonds and in the reverse direction when the N2 pressure increases to
stabilize Al-N bonds (case of Ce-AlIN after RTA in FG). Hence, the latter explains why
the surface of samples annealed in FG remains smooth. In addition, the increase in
oxygen content is higher than the decrease in nitrogen one. This is in line with the some
reports that oxygen atoms form AlgesO as they substitute nitrogen in AIN.323* Therefore,

one Al vacancy (Vai) is generated every three O atoms.
Photoluminescence (PL) and Photoluminescence excitation (PLE)

Figure 4 (a, b) shows the RT PL with excitations at 325 nm and 266 nm. The PL shows
the same behavior under both excitation wavelengths. Ce-AIN sample after RTA in Ar

exhibits a strong blue PL intensity as compared to the other samples. The broad PL band



is centered at 500 nm and the blue emission can be clearly seen by the naked eye, as
shown in the inset of Fig.4a. This PL band is in good agreement with a Ce-related
emission. Other samples, undoped and doped (as-deposited and after RTA in FG), show
one order of magnitude weaker PL intensities than the Ce-AIN sample annealed in Ar, as
seen in the inset of fig (4a). These weak PL bands (400-600nm) are usually observed in
AIN and attributed to defects inside the bandgap. These defects have mostly been
assigned to Vi and oxygen related defects.®>" It has been reported that post-deposition
annealing of RE-doped phosphors activate the luminescence by modifying the local
environment of the RE ions.®3° For instance, it has been demonstrated that thermal
annealing (TA) of Sm-, Eu- and Yb-doped amorphous AIN thin films leads to activation
of the RE ions by promoting some structural rearrangements and curing the matrix from
defects.?® In the latter work, it was proposed that the significant improvement of the PL
after TA is correlated with the suppression of tail defect states and with the reduction of
the probability of non-radiative pathways. Interestingly, the strong PL enhancement in
our Ce-AIN sample after RTA in Ar is in good agreement with the enhancement factor
reported® after TA under the same conditions. This suggests that AIN films doped with
different REs require similar TA treatments to activate a strong PL emission. However,
our results show that the PL intensity not only relies on the temperature or duration of the
annealing process but also on the type of atmosphere. One can conclude that the post
annealing treatment has two contributions. First, thermal assistance reduces the density of
non-radiative defects by rearranging the film structure. Second, the annealing
environment plays the major role, probably, because it generates and controls the type of
defects inside the structure as already demonstrated for other materials.***® Hence, the PL
behavior could be understood by considering the activation mechanism of the Ce ions. Ce
ions exist in two different stable oxidation states, Ce** and Ce*3. Ce** has no electron in
its outer shell orbital (4f ©). It can therefore be considered as optically inactive while Ce*3
has only one electron in its 4f ! state that can be responsible for optical emission by 4f-5d
transitions. Thus, to better understand the PL results and gain information about Ce
oxidation state, EELS measurements have been performed, see fig (5). EELS is a useful
method to determine the oxidation state of Ce, characterized by two lines referred to Ms

andM4 band edges at 883 eV and 901 eV, respectively. These features are associated to
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the orbital splitting of 3d-4f transitions. Fig (5a) shows the EELS spectra for CeO (Ce**)
and CeFs (Ce') reference samples where the presence of Ce*" can be mainly
distinguished by a shoulder, absent in Ce®*, at 5 eV above those of the two main peaks. In
addition, in some reported cases a characteristic shoulder for Ce* appears at lower
energy in the M4 peak. * Another method developed to evaluate the Ce oxidation state
from EELS is the intensity ratio between M4/Ms, being 0.92 for Ce*" in CeFs and 1.3 for
Ce** in Ce0,.** Considering all the above methods to determine the Ce oxidation state,
we found that all doped samples exhibit EELS spectra corresponding to the Ce ions edges
in agreement with the reported spectra elsewhere.*** Fig (5b, 5¢) show that the EELS of
Ce-AlIN films as-deposited and after RTA in FG are very close to the signature of Ce**.
This means that the predominant oxidation state in these samples is optically inactive,
consistently with the very weak PL. EELS measurements have also been performed at
different areas in the Ce-AIN samples after RTA in Ar. EELS probed from the top layer
(containing oxygen) exhibits predominance of Ce®", whereas that from the bottom layer
shows predominant Ce** oxidation state as seen in fig (5d). It means that the presence of
oxygen could play a major role in the activation of Ce ions by changing the valence state
from +4 to +3. Moreover, we can infer that the PL of this sample mostly originates from
the top layer, which raises the question about the role of oxygen in the PL behavior. As
mentioned before in the microstructure section, incorporating oxygen in AIN matrix can
lead to the formation of aluminum vacancies (Va))*. (Vai)* acts as deep acceptor level in
AIN* and can participate in the absorption process by sharing one of its electron with
either the conduction band or shallow donors.>” Knowing that oxygen incorporated in
AIN introduces a On* shallow donor level,*® all O atoms have a neighboring Vai
according to Maki et al.*” Hence, (Va)* is likely coupled to On* to form single and/or
doubly negatively charged (Va-On)?> and (Vai-20n)* complexes depending on the
oxygen concentration, which is consistent with previously reported works.®” 48 In
addition the released electron from formation of On™ donor levels may be responsible for
the valance state change of Ce** to Ce3*. Further, Ishikawa et al.!® reported another
energetically stable defect complex that involves Ce3* where (Vai)* connects with nearby

Ceai in Ce-doped AIN material. This kind of defects may explain the predominance of
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Ce® in the EELS of the top layer, indicating that the strong PL emission can be
interpreted by 5d-4f transition.

To investigate the excitation mechanism for the Ce-AIN sample after RTA in Ar, PLE
has been measured for the emission peak at 500 nm, as shown in fig (6). It reveals two
broad excitation bands around 3.9 eV and 4.8 eV. Several experimental measurements
such as cathodoluminescence and PL revealed that defect complexes (Va-On)? and
(Val-20n)Y give rise to an absorption band around 3.9 eV and 4.7 eV, respectively.*8->2
Consistently, Qimin et al.*® found by hybrid-functional calculations that (Va-On)? in
AIN materials is responsible for an absorption band around 3.9 eV (317nm) due to
electronic transitions [(Va-On)* => (Va-On)'+ €)]. It is worth noting that the absorption
peak of this transition is very close to the absorption band of Ce3*.5%% |t is also reported
that another electronic transition [(Vai-20n)} => (Vai-20n)%+ €] is responsible for an
absorption band at an energy higher than 4.3 eV that depends on the oxygen content.
Hence, the first band (3.9 eV) can be assigned either to the defect transition (Va-On)?7*
%or to the absorption band of Ce®*.5 % The second band (4.8 eV) can be referred to an
(Vai-20n)} complex at high oxygen concentrations, as reported elsewhere.3* 3¢ 47 The
excitation mechanism (either direct or indirect) for Ce3* ions, when excited by 325 nm, is
then rather difficult to determine due to the overlapping between the excitation bands for
Ce* and (Va-On)* complex at 3.9 eV. The high absorption cross section of Ce®*
stimulates the assignment of the band at 3.9 eV mainly to the direct absorption of Ce3*.
Nevertheless, the indirect excitation mechanism of Ce3* ions via (Va-On)* complex
cannot be excluded from several aspects. First, a good agreement is found between the
excitation peak around 3.9 eV in our Ce-doped AIN sample and the reported absorption
peak of the complex (Vai-On)? in AIN.3® 4% 51 Second, indirect excitation can be very
efficient in several RE-doped I11-V semiconductor compounds.®’® Third, the PLE peak
at 4.8 eV demonstrates that Ce®* ions can be efficiently indirectly excited. Furthermore,
indirect excitation of Ce was tested by the detection of PL excited by 266 nm laser (4.66
eV) close to the 4.8 eV band and away from the absorption band suspected to belong to
Ce®, see fig (4b). Then, when the sample is pumped at 325 nm, direct and indirect
excitations can occur simultaneously. Direct excitation arises from the absorption by Ce®*

transferring an electron from 4f orbital to 5d orbital and emitting photons at 500 nm
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during the relaxation process. Indirect excitation can be achieved via energy transfer from
excited (Va-On)? defect to a nearby Ce3* ion.

Finally, to emphasize on the role of the defect complexes in the PL, two samples have
been prepared with either Al-rich (formation of Va is energetically difficult) or N-rich
conditions (formation of V a is relatively easier). These samples have then been annealed
in Ar atmosphere. Fig (7) shows the PL of these samples excited by 325 nm. The PL
intensity of the N-rich sample is stronger than that of Al-rich sample, which is consistent
with the excitation mechanisms proposed. In other words, increased in PL is stimulated
by higher density of Va that leads to more activated Ce3* ions and/or higher density of
Va-On. This confirms the significant role of VV ai-related defects in the PL and supports

the previous explanations.
Conclusion

This work mainly focused on understanding the PL response of Ce-doped AIN thin films
prepared by a low-cost and industrial oriented technique such as RF reactive magnetron
sputtering. Optical activation of the Ce dopants was achieved by RTA of as-grown
samples. It was found that the incorporation of oxygen in the film was essential to
promote the PL response in the samples. In addition, Al vacancies and related defect
complexes have a significant role on the excitation mechanisms of Ce3*, hence increasing
the PL intensity. This role was confirmed by the PL measurements of Al-rich and N-rich
samples. Indirect excitation of Ce ions was proposed from PLE experiments showing
excitation of the blue emission related to Ce3* by defect complexes. The strong blue
emission in this new (oxy)nitride-based materials holds great potential for solid state
lighting applications due to its thermal and chemical stability as well as the luminescence
efficiency. The comprehensive approach conducted within this study could serve as a
guideline for better understanding and engineering the luminescence in RE-doped

(oxy)nitride thin films.
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Figure captions

Figure 1: XRD of as-deposited and annealed undoped and Ce-doped AIN films.

Figure 2: TEM images and corresponding SAED patterns for undoped AIN (a, b), CeAIN_As (c,
d), CeAIN_FG (g, f) and CeAIN_Ar (g, h). Inset of fig (2 g): Magnification on a part of top layer
of CeAIN_Ar sample.

Figure 3: RBS fitting data for the CeAlN as-deposited and annealed in Ar films. Inset: table with
the atomic content of film constitutive elements for the best fitting of RBS data.

Figure 4: PL of undoped and Ce-doped AIN films excited by a) 325 nm and b) 266 lasers. Inset of
fig (4 a): Magnification on the very weak spectra for clarification. Inset photo image: visible blue
light emitted from the photo-excited CeAIN_Ar film.

Figure 5: EELS at Ce M-edges peaks for a) CeO; and CeFs reference samples, b) CeAIN_As,
CeAIN_FG and CeAIN_Ar. Arrows are to guide the reader to the peak shoulders in the spectra.

Figure 6: PLE spectra recorded at emission peak 500 nm for the CeAIN_Ar film.

Figure 7: PL of two CeAlN samples annealed in Ar and prepared at Al-rich and N-rich
conditions.
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Figure 1: XRD of as-deposited and annealed undoped and Ce-doped AIN films.
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Figure 2: TEM images and corresponding SAED patterns for undoped AIN (a, b), CeAIN_As (c,

d), CeAIN_FG (g, f) and CeAIN_Ar (g, h). Inset of fig (2 g): Magnification on a part of top layer
of CeAIN_Ar sample.
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Figure (3): RBS fitting data for the CeAIN as-deposited and annealed in Ar films. Inset: table
with the atomic content of film constitutive elements for the best fitting of RBS data.
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Figure 4: PL of undoped and Ce-doped AIN films excited by a) 325 nm and b) 266 lasers. Inset of
fig (4 a): Magnification on the very weak spectra for clarification. Inset photo image: visible blue
light emitted from the photo-excited CeAIN_Ar film.
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Figure 5: EELS at Ce M-edges peaks for a) CeO, and CeFs reference samples, b) CeAIN_As,
CeAIN_FG and CeAIN_Ar. Arrows are to guide the reader to the peak shoulders in the spectra.

25



PLE (arb. units)

22000 Peak emission= 500 1-
| eak emission= nm (V5-20))
—
20000 /] A
2- 3+ I \
18000 (V,-0)" and Ce
6000 oy
16000 ~ /
\ /
/ \
14000 -
/ \ I
120004 1 \ !
I \ /
10000 \ /
S 7
I T I T I I T I I I I
3.6 38 4.0 4.2 4.4 4.6 4.8 5.0

Photon energy (eV)

Figure 6: PLE spectra recorded at emission peak 500 nm for the CeAIN_Ar film.
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Figure 7: PL of two CeAlN samples annealed in Ar and prepared at Al-rich and N-rich
conditions.
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